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1. INTRODUCTION

PURPOSE

The purpose of this report is to provide a preflight prediction of the

performance of the Mission H3/Apollo 14/CSM-110 Cryogenic Storage System

and is submitted under MSC/TASK 705-2, Contract NAS9-8166. The general

objectives of Task 705-2 are to develop an integrated mathematical model

of the Apollo Cryogenic Storage System (CSS), provide support to the

redesigned CSS oxygen tank development program, predict flight performance

of the CSS to verify its adequacy to meet mission requirements, and perform

postflight analysis of the CSS to confirm the adequacy of the mathematical

model.

SCOPE

The scope of this report is to predict the nominal performance of the

Cryogenic Storage System for the mission as delineated in Section 2 entitled

"Mission Description". The CSS performance following certain single point

anomolies are also investigated. The integrated systems program developed

under Subtask 3 of Reference 1 was used for the analysis.

Section 3, "Simulated Conditions", describes the assumptions made and

the input data used for both the nominal mission and the anomolies considered.

Section 4 entitled "Performance Prediction", discusses the results of

the preflight analysis, while Section 5, "Conclusions", contains conclusions

and recommendations resulting from the analysis.
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2. MISSION DESCRIPTION1

Launch of the Apollo H3 Mission is planned to occur from launch

complex 39A of the Kennedy Space Center at 2:20 PM CST on January 31, 1971.

The launch vehicle will insert the spacecraft and the S-IVB stage into a

103.3 n. mile orbit at an inclination of 32.5 degrees approximately

twelve minutes later. At approximately 2:31 (hr:min) after launch, the

S-IVB stage will perform the Translunar Injection (TLI) Burn. The

Command and Service Module (CSM) will be docked with the Lunar Module

(LM) and the docked spacecrafts will be ejected from the S-IVB at

approximately 3:56 GET. During the Translunar Coast up to four midcourse

corrections (MCC) may be performed. One of the MCC Burns will place the

spacecraft on a "relaxed-free-return" translunar trajectory. The times

of these burns are presented in Table 1. Four periods of Passive Thermal

Control (PTC) are planned during the coast. Table 2 presents the times

for this mode. The Lunar Orbit Insertion Maneuver will be performed by

the Service Propulsion System(SPS) at approximately 82:38 GET placing

the spacecraft in a 57.1 by 170.0 n. mile orbit. At 86:57 GET a

Descent Orbit Insertion Burn will be conducted by the SPS, placing the

spacecraft in an 8.2 by 160.0 n. mile orbit. The LM will separate from

the CSM at 104:28 GET. The SPS will then be used to circularize the

orbit to 57.4 by 61.7 n. miles at 105:47 GET. At 118:10 GET, the CSM will

perform a 3.9 degree plane change. The Transearth Injection Burn will be

performed by the SPS at 149:15 GET. During the pursuing coast up to three

mid-course corrections may be performed. Six periods of PTC are planned

on the return trip. At 167:45 GET, a high oxygen flowrate Detailed Test

References 2 and 3
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Objective (DTO) will commence and will require approximately four hours to

complete. The purpose of this test objective is to obtain data on the

performance of the modified SM 02 storage system under low density conditions

and under high flow-rate conditions. CM/SM separation will occur at

216:12 GET with splashdown following at 216:41 GET.

The heaters in the hydrogen tanks of the CSS will be in the automatic

mode during the entire mission. The fans in these tanks will be operated

manually for one minute before and after each sleep period, prior to SPS

or S-IVB thrusting, and pre-CSM/LM ejection. The approximate times for

fan cycling are presented in Table 3. The heater operation modes for the

oxygen tanks are presented in Table 4. The schedule for fuel cell purges

is presented in Table 5, although the actual times may be modified during

the flight. In addition to the normal use of the CSS oxygen for pressurizing

the CM and for the planned DTO, CSS oxygen will be used to pressurize the

LM after transposition and docking as well as prior to entering the LM

before undocking in lunar orbit.

3



3. SIMULATED CONDITIONS

The Cryogenic Storage System (CSS) of CSM 110 is comprised of three

oxygen tanks, two hydrogen tanks, and related lines and components. Figures

1 and 2 present schematics of the oxygen and hydrogen systems, respectively.

The hydrogen tanks and two of the oxygen tanks (No. 1 and 2) are located in

Bay 4 of the Service Module (SM). The remaining oxygen tank (No. 3) is

located in Bay 1. The oxygen tanks to be used in this mission are the first

redesigned tanks to be used in flight. Besides certain material changes,

these new tanks may be distinguished from the previous tanks by their lack

of destratification fans and the addition of a third heater element. The

hydrogen tanks are unchanged. The serial numbers, physical and operating

characteristics of the CSS tanks and major components obtained from End

Item Acceptance Test Data (Reference 4) are presented in Table 6. These

values were used in simulating the operation of the system using the inte-

grated systems program.

In order to perform the detailed test objective under low density con-

ditions, the third oxygen tank was loaded to approximately 2/3 of caoacity.

The initial quantities of oxygen and hydrogen used in the simulation are

presented in Table 7.

The hydrogen tank heaters were assumed to operate in the automatic

mode during the entire mission. The hydrogen tank fan operation simulated

is presented in Table 3. The oxygen tank heater modes simulated are given

in Table 4.

The oxygen and hydrogen demanded by the Electrical Power Subsystem (EPS)

and the Environmental Control Subsystem (ECS) as a function of time, were

obtained from an EPS/ECS computer tape generated by MPAD/MSC. The space-

craft attitude was obtained from an Apollo 14 preflight trajectory computer

4



tape. Additional information was obtained from the mission time-line

(Reference 2).

A set of malfunction cases considered in the analysis were those of

degraded performance of the oxygen tank 2 vacuum annulus. It was assumed that

the tank bulk temperature transducer housing was ruptured during the boost

phase of the mission. The air in the housing would then leak into the vacuum

jacket thereby reducing the insulating ability of the annulus. The result-

ing heat leak to the tank is presented in Figures 3 and 4 of Reference 5.

The high vacuum would be eventually recovered due to the operation of the

ion vacuum pumps as well as cryo-pumping. At launch the vacuum jacket

pressure is approximately 10 3 mm Hg. Two vacuum recovery modes or time-

lines were assumed resulting in a total of eight parametric simulations.

Figures 3 and 4 present these time-lines. Each case was initiated at the

first time point of the Apollo 14 Mission trajectory tape (2.6 Hrs.). The

purpose of the simulations were to identify the effects of vacuum loss on

the cryogenic storage system. A malfunction case was also performed to

simulate system operation with the oxygen tank 2 check valve failed open.

The effect of the failed check valve was to permit oxygen flowing from

tank 3 to enter tank 2. The purpose of this simulation was to determine

if such a failure would adversely effect the remaining quantity in tank 3

at the time when the DTO was to be performed.

5



4. PERFORMANCE PREDICTIONS

The EQTANK program developed under Subtask 1 (Reference 5) was used to

generate several parametric curves for oxygen tank pressure and heater

cycling to aid in postflight analysis. For this study, it was assumed that

the vehicle was in a PTC mode during translunar coast. In addition, the

analysis used the Apollo 14 CSS pressure switch characteristics and included

the effects of tank stretch. Figures 5 and 6 present the complete pressure

cycling time versus Ground Elapsed Time (GET) as a function of flowrate

demand (0.5 to 5.0 Ibm/hr). Figures 7 and 8 present similar results plotted

against remaining quantities for tanks 1 and 2, and tank 3, respectively.

Figures 9 and 10 present heater cycling time versus remaining quantity as

a function of flowrate demand.

The nominal performance predictions for the CSM 110 cryogenic storage

system are presented in Figures 11 through 29. The remaining quantities as

functions of time for the oxygen and hydrogen tanks are presented in Figures

11 and 12, respectively. Figures 13 and 14 show the oxygen and hydrogen

bulk temperatures as functions of time. Figures 15 through 19 present the

expected pressure cycling in the oxygen and hydrogen tanks for the first

70 hours of the mission. While these results include the effects of tank

stretch, the effects due to thermal stratification are neglected. Figures

20 through 24 present similar information from 70 to 140 Hrs. GET, while

Figures 25 through 29 covers the period from 140 to 208.7 hours at which

time the simulation ended.

The assumed oxygen tank heater mode schedule is presented in Table 4.

The schedule required that the heaters in tanks 1 and 2 be in the off position

after 171:40 GET. However, the simulation indicated that when usage of tank

6



3 oxygen was terminated, it was required that the heaters in tanks 1 and 2

be placed in the automatic mode. For the nominal simulation, an oxygen

quantity of 6.2% remained in tank 3 at 181.5 GET. At that time, the heaters

in tanks 1 and 2 were switched to the automatic mode position for the remaining

part of the mission. At the end of the simulation there were total usable

quantities of 430.9 Ibm of oxygen and 11.81 Ibm of hydrogen remaining.

The results of the malfunction cases pertaining to increased tank

annulus pressures were all similar in that the pressure in tank 2, in which

the vacuum annulus was degraded, rapidly increased until venting through the

relief valve occurred. The time to reach the venting pressure of 1001 psia

ranged from 5.4 minutes for an annulus pressure of 0.05 mm Hg to approximately

one hour for an annulus pressure of 0.001 mm Hg. Once the pressure had

reached the venting value and had been relieved, dropping the pressure to

the valve reseating pressure of 977 psia, cycling of the venting procedure

would repeat at intervals of approximately 6 minutes. The oxygen requirement

for the EPS and ECS were supplied completely by tank 2 due to the high driving

pressure in that tank. This resulted in no flow being permitted from oxygen

tanks 1 or 3. Thus, due to normal heat leak, the pressure in these tanks

also increased until venting occurred at approximately 8 hours from the

beginning of the simulation. The presence of a degraded vacuum jacket could

be easily detected both by the rapid pressure increase in the suspected tank

and by the complete lack of pressure cycling in the other two tanks.

The results of the check valve malfunction case indicated that the

tank 2 pressure tended to track the tank 3 pressure when the heaters in

tank 2 were inactive and the heaters in tank 3 were on. The quantity of

oxygen remaining in tank 3 immediately prior to the DTO was less than one

percent different than in the nominal case. Thus, conducting the DTO should

not be effected by a tank 2 check valve failure.
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5. CONCLUSIONS

Based on the results of the nominal CSS preflight simulation, it is

concluded that the system is capable of successfully completing the

mission. A sufficient amount of oxygen in excess of the nominal require-

ments is available for considerable contingency demands. During the last

36 hours of the mission, it will be necessary to place the heaters for

oxygen tanks 1 and 2 in the automatic mode of operation. The malfunction

cases involving degraded operation of the tank vacuum annulus are easily

detectable by the rapid pressure rise in the suspected tank with a complete

absence of pressure cycling in the other tanks.

The malfunction case involving the failure of the oxygen tank 2 check

valve in the open position caused the tank 2 pressure to track the tank

3 pressure when the tank 3 heaters were on. The remaining quantity in

oxygen tank 3 was within one percent of the nominal value at the expected

mission time of the DTO. Thus, the DTO could be accomplished even with

the failure.
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TABLE 1

CSM BURN SCHEDULE*

MANEUVER TIME(GET) DURATION AV ENGINE
Hr:Min:Sec Min:Sec FPS

Translunar Injection 2:30:38 5:55.6 10351.2 S-IV B

CSM/LM Ejection 3:56:00 0:03 0.4 RCS

MCC-1 11:36:33 -- --

MCC-2 30:36:07 0:11.1 73.4 SPS

MCC-3 60:38:14 -- --

MCC-4 77:38:14 -- -- --

Lunar Orbit Insertion 82:38:14 6:06.6 2986.0 SPS

Descent Orbit Injection 86:56:57 0:21.4 206.6 SPS

Undock & Separation 104:27:31 0:03.1 1.0 RCS

Circularization 105:46:48 0:03.8 72.5 SPS

Plane Change -1 118:09:40 0:18.4 360.0 SPS

LM Jettison 146:28:31 -- 1.0 RCS

Transearth Injection 149:14:50 2:27.4 3449.6 SPS

MCC-5 166:14:50 -- -- --

MCC-6 94:26:59 --

MCC-7 ?13:26:59 --

* It is anticipated the CSM burns will result in the destratification
of the oxygen tanks.
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TABLE 2

CSM PASSIVE THERMAL CONTROL SCHEDULE

TIME TIME ATIME
PTC Initiation PTC Termination In Mode

Hr:Min (GET) Hr:Min (GET) Hr:Min

1 6:00 9:30 3:30

2 10:30 28:00 17:30

3 31:30 61:35 30:05

4 64:10 78:50 14:40

5 151:30 164:00 12:30

6 174:00 188:20 14:20

7 189:30 192:30 3:00

8 193:30 196:20 2:50

9 198:40 208:20 9:40

10 209:00 211:00 2:00

11



TABLE 3

CSS HYDROGEN TANK FAN

CYCLING SCHEDULE*

Approximate Time of Approximate Time of
Fan Operation Fan Operation

Hr:Min (GET) Hr:Min (GET)

1 2:30 14 99:30

2 3:00 15 105:45

3 3:55 16 118:05

4 16:00 17 120:20

5 26:00 18 129:50

6 30:35 19 149:15

7 41:00 20 152:00

8 51:00 21 162:00

9 66:00 22 176:00

10 75:00 23 186:00

11 82:35 24 200:00

12 86:55 25 208:00

13 91:00

Each cycle will be one minute in duration.
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TABLE 4

CSS OXYGEN TANK HEATER MODE SCHEDULE

TIME MODE
Hr:Min Tank 1 Tank 2 Tank 3

00:00 AUTO AUTO OFF

11:10 OFF OFF AUTO

59:30 AUTO AUTO OFF

65:10 OFF OFF AUTO

81:20 AUTO AUTO OFF

162:10 AUTO OFF OFF

168:10 AUTO OFF AUTO

171:40 OFF OFF AUTO
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TABLE 5

FUEL CELL PURGE SCHEDULE*

Time Oxygen Fuel Cell Purge Hydrogen Fuel Cell Purge Remarks

Hr:Min (GET) A Time A Time
Number Hr:Min Number Hr:Min

05:55 1 05:55 If No MCC-1

11:30 1 11:30 If MCC-' P6-rmed

30:15 2 24:20/18:45 1 30:15 MCC-2

60:20 3 30:05 MCC-3

84:50 4 24:30 2 54:35 LOI + 2 Hr.

111:40 5 26:50

139:20 6 27:40 3 54:30

166:00 7 26:40 MCC-5

193:10 8 27:10 53:50 If No MCC-6

194:10 8 28:10 4 54:50 If MCC-6 P?;rmed

* Schedule may be revised in real time.



TABLE 6

CSS PHYSICAL AND OPERATING CHARACTERISTICS

Oxygen Storage System Hydrogen Storage System

Tanks Tanks

Tank 1 Tank 2 Tank 3 Tank 1 Tank 2

Serial Number XTA0040 XTA0027 XTA0036 HTA0044 HTA0028

Volume , ft 4.75 4.75 4.75 6.80 6.80

Weight, Ibm -- -- 79.7 72.0 72.0

Minimum dQ/dM Flow, Ibm/hr 0.718 0.817 0.683 0.0404 0.0574

nnulus Vacuum Level, mm Hg 4x10-7  3x10-6  2x10-6 3x10-6  7x105

Heater Input 1 , per element, BTU/hr 145.1 145.1 145.1 31.75 31.75

Heater Input i , Total, BTU/hr 435.3 435.3 435.3 63.5 63.5

Fan Inputl, per unit, BTU/hr -- -- -- 11.95 11.95

Fan Input, Total, BTU/hr -- -- 23.9 23.9

Ln Valve Modules Valve Modules

Serial Number J041804 C240401
Weight,lbm 7.25 7.92
Relief Valve Operation

Cracking Pressure, psig 1004.0 1001.0 1004.0 280.5 281.0

Full Flow Pressure, psig 1004.0 1001.0 -- 282.5 283.0

Reseat Pressure, psig 980.0 977.0 -- 274.0 275.5

Pressure Switch Operation
High Pressure, psia 914.5 925.0 919.0 254.0 254.0

Low Pressure, psia 875.5 877.0 895.0 233.8 235.5

Dead Band, psid 39.0 48.0 24.0 20.2 18.5

Pressure Drop2 ,4, psid 11.0 31.03 0.5 4.03

1Nominal value 4With check valve

8.8 SCFM nitrogen at 400 psia for oxygen and 1.7 SCFM helium at 170 psia for hydrogen and

ambient temperature ambient temperature



TABLE 7

CSS OXYGEN AND HYDROGEN LOADS

Quantities Loaded Quantities at Launch

Lbm Percent Lbm Percent

Oxygen

Tank 1 330.1 102.1 308.9 95.5

Tank 2 330.1 102.1 308.9 95.5

Tank 3 330.1 102.1 200.51 62.0

Total 990.3 818.33

Hydrogen

Tank 1 29.3 104.1 27.4 97.4

Tank 2 29.3 104.1 27.4 97.4

Total 58.6 54.8

1Oxygen Tank 3 is off loaded to approximately 62% prior to launch.
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Figure 1 Cryogenic Storage System Oxygen Schematic
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Figure .4 Cryogenic StoragelJstem Hydrogen Schematic
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